The receptor tyrosine kinase family consisting of Tyro3, Axl, and Mer (TAM) is one of the most recently identified receptor tyrosine kinase families. TAM receptors are up-regulated postnatally and maintained at high levels in adults. They all play an important role in immunity, but Axl has also been implicated in cancer and therefore is a target in the discovery and development of novel therapeutics. However, of the three members of the TAM family, the Axl kinase domain is the only one that has so far eluded structure determination. To this end, using differential scanning fluorimetry and hydrogen-deuterium exchange mass spectrometry, we show here that a lower stability and greater dynamic nature of the Axl kinase domain may account for its poor crystallizability. We present the first structural characterization of the Axl kinase domain in complex with a smallmolecule macrocyclic inhibitor. The Axl crystal structure revealed two distinct conformational states of the enzyme, providing a first glimpse of what an active TAM receptor kinase may look like and suggesting a potential role for the juxtamembrane region in enzyme activity. We noted that the ATP/inhibitorbinding sites of the TAM members closely resemble each other, posing a challenge for the design of a selective inhibitor. We propose that the differences in the conformational dynamics among the TAM family members could potentially be exploited to achieve inhibitor selectivity for targeted receptors.
Tyro3, Axl, and Mer constitute the TAM 2 RTK family (for a review, see Lemke (1) ; Ref. 2) . They play their most important role in the immune system in addition to their roles in the nervous, reproductive, and vascular systems (3) . All three TAM receptors are activated by the growth arrest-specific protein 6 (GAS6) (4 -6) . Protein S is another ligand for Tyro3 and Mer that has little or no affinity for Axl (3, 5) . The activation mechanism involves binding of the extracellular domains of TAM receptors expressed on the surface of phagocytes to the C-terminal domain of GAS6/Protein S, inducing kinase dimerization and activation. The N-terminal end of GAS6/Protein S recognizes the phosphatidylserine externalized by apoptotic cell membranes. Thus, GAS6/Protein S-mediated activation of TAM family members plays an important role in phagocytosis (7) (8) (9) . The removal of apoptotic cells suppresses inflammation, possibly contributing to the roles Mer and Axl play in the negative regulation of inflammatory responses and maintaining the balance of innate immunity (3, 8) . TAM knock-out mice, although viable initially, eventually develop broad-spectrum autoimmune disease characterized by lymphoproliferation (10) . These mice are born with normal retinas, but most of their photoreceptors die soon after birth (11) . In humans, there are about a dozen variants of Mer linked to inherited retinitis pigmentosa and retinal dystrophy (12, 13) . Tyro3 or Axl knock-out mice show defects in platelet aggregation (14) . In general, dysfunction of TAM family member receptors is thought to contribute to human autoimmune conditions such as rheumatoid arthritis and inflammatory bowel disease.
Overexpression or up-regulation of TAM family members has been observed in many cancers, although it is not clear whether the TAM RTK enzymatic activity is the driver of oncogenicity (14) . TAM activity seems to play roles in angiogenesis, evasion of apoptosis, and metastases (14, 15) . Axl has been shown to play a role in the metastasis of breast carcinoma (16) , and increased Axl activity is correlated with poor prognosis in pancreatic cancer and glioma (17, 18) . Axl activation has also been identified as a mechanism of acquired resistance to EGFR inhibitors in mutant EGFR lung cancer models (19) . Elevated expression of Axl or GAS6 was observed in inhibitor-resistant mutant EGFR-driven lung cancer patients, which led to the recognition of Axl as a promising therapeutic target. It has been actively pursued for the design and discovery of small-molecule inhibitors (20, 21) with the first Axl-selective inhibitor, BGB324 from BergenBio, entering clinical trials in 2013 (22) .
The N-terminal ectodomain of the TAM family members is composed of two immunoglobulin-related domains responsible for ligand recognition followed by two fibronectin type III repeats ( Fig. 1a) (23) . It is connected via a single-pass transmembrane polypeptide chain to the cytoplasmic kinase domain. The extracellular domains of Axl and Tyro3 in complex with GAS6 have been structurally characterized (23, 24) and so have the kinase domains of Tyro3 (25) and Mer (26, 27 ). An atomic resolution structure of the Axl kinase domain has so far been elusive despite the focus to develop inhibitors of Axl kinase activity to treat various cancers. Available structures of Mer and Tyro3, by virtue of shared sequences in the ATP-binding site, provide seemingly reasonable surrogates for the Axl kinase domain. However, the influence of overall differences in their sequences on the conformational equilibrium is unpredictable. Here we report a crystal structure of the Axl kinase domain in complex with a macrocyclic inhibitor, compound 1. The protein structure shows two conformational states, including the one that meets all known structural constraints for an active kinase domain. This provides the first glimpse of the active conformation of a TAM family member because previously reported structures of Tyro3 and Mer kinase domain are in their inactive states. The structure also suggests a role for the intracellular juxtamembrane region in enzyme activity that is further supported by mutagenesis and biochemical characterization of the Axl intracellular domain. We probed the dynamics of the Axl and Mer kinase domains by thermal stability and hydrogen-deuterium exchange mass spectrometry (HDX-MS) measurements. The results suggest that the Axl kinase domain is significantly more dynamic than Mer. Given the similarities between the ATP-binding sites of Axl and Mer kinases, differ-ences in the dynamics of the two proteins may offer an avenue to explore for selective Axl inhibitors.
Results
The cytoplasmic region of Axl (residues 473-894) consists of a membrane-proximal juxtamembrane region followed by the kinase domain and a C-terminal tail ( Fig. 1 ). Numerous protein constructs encompassing the kinase domain and varying lengths of the juxtamembrane region were tested for crystallizability but without success. This is in contrast to the Mer and Tyro3 kinase domains, which have been structurally characterized (25) (26) (27) . To understand the reasons behind the differences in the crystallizability of Axl and Mer kinase domains, we measured the thermal stabilities of both proteins. Despite sharing 69% sequence identity ( Fig. 1 ), the isolated kinase domain of Mer showed a higher melting temperature than the Axl kinase domain as measured by differential scanning fluorimetry ( Fig.  2 ). An approximate 10°C difference in their measured melting temperatures suggests lower stability and likely a greater dynamic character of the Axl kinase that interfere with crystallization. To explore whether a small-molecule inhibitor could help increase the protein stability, we made a complex of Axl kinase domain with compound 1, a macrocyclic inhibitor of Mer and Axl (28) . Compound 1 is a very potent inhibitor of both kinases with a measured inhibitory constant, K i , of 130 Ϯ 10 pM for Axl. The K i value for Mer was determined to be Ͻ50 pM (the The region between the transmembrane and the kinase domain (residues 473-535) is the intracellular juxtamembrane region. The numbers indicate the domain boundaries. b, sequence alignment of the TAM family kinase domains to the crystallization construct for Axl with the observed secondary structure elements in the Axl crystal structure. TT denotes the ␤-turns. Triangles denote the reported or inferred Tyr phosphorylation sites in the Axl sequence.
Axl structure
detection limit for the assay). The addition of the inhibitor stabilized both the Axl and Mer kinase domains ( Fig. 2 ). Consistent with this observation, the complex of Axl kinase domain with compound 1 co-crystallized (Table 1 and supplemental Fig. S1 ), whereas the apoprotein remained recalcitrant to crystallization efforts.
Overall structure
The Axl protein construct that crystallized in complex with the inhibitor comprised residues 514 -818. The crystals consisted of four molecules in the asymmetric unit. As expected, the structure conforms to the overall kinase domain architecture with a smaller N-terminal lobe (N-lobe) consisting largely of a ␤-sheet and a single ␣-helix (the catalytically important C-helix) and a larger C-terminal lobe (C-lobe) that is predominantly helical (Fig. 3a) . The interlobe cleft represents the ATPbinding site, which is occupied by the small-molecule inhibitor compound 1 in the structure presented here.
The structure shows the kinase domain in two distinct conformations: molecules A and C are clearly in the inactive state, whereas molecules B and D meet most of the known constraints for the active conformation of the kinase domains (29) . Henceforth, we will focus on molecules A and B as representatives of the two conformational states. Differences in these two conformations are mainly localized to the N-lobe and C-terminal end of the juxtamembrane region (residues 514 -529) that is part of the crystallization construct ( Fig. 3 and supplemental Fig. S2 ). Unsurprisingly, the C-lobes (except the activation loop) are nearly identical in the two conformations.
In the inactive state (molecule A), the C-helix is rotated away from the rest of the kinase domain. This rotation allows the ␤-sheet of the N-lobe (especially strands 3, 4, and 5) to come closer to the C-lobe (supplemental Fig. S2 ). The electron density for most of the activation loop downstream of the DFG motif is missing and hence is not modeled. The Asp 690 of the DFG motif is oriented in the ATP-binding cleft, whereas the Phe 691 side chain is oriented in the hydrophobic core facing the C-helix in what is often referred to as the DFG-in conformation ( Fig. 3a ).
In the active state (molecule B), the activation loop is mostly ordered and shows an extended conformation that is consistent with what has been observed in other active kinase structures. This conformation of the activation loop allows for the recognition of the substrate peptide. The extended conformation may be partially stabilized by its interaction with the C-lobe of the neighboring molecule in the crystal lattice. The C-helix is rotated closer to the N-lobe with Glu 585 forming a salt bridge with the conserved catalytically important Lys 567 . This interaction is one of the hallmarks of active kinases (30) . The C-helix must bend to make this specific interaction. Crystal packing interactions do not influence the C-helix conformation; the closest neighboring molecule is about 10 Å from the C-helix. The C-helix is in close contact with a helix from the juxtamembrane region. This may suggest a role for the juxtamembrane region in transition to the active state of the enzyme (Fig. 3b ).
Although our crystallization construct has only 16 residues (514 -529) of the juxtamembrane region, they take on very dif- Axl structure ferent conformations in the two states of the protein. This region encompasses a short helix of about 10 residues in the active state (molecule B), and it is oriented such that it packs against the C-helix and helps it adopt the catalytically competent conformation. The orientation of the juxtamembrane helix is very similar to that observed in other RTKs like active c-MET (31) and EPHB2 (32) . Various residues from the two helices are in van der Waals interactions contributing to the hydrophobic core of the N-lobe. For example, Leu 526 from the juxtamembrane region is in close contact with Leu 583 and Val 587 from the C-helix ( Fig. 3b ). In the inactive state (molecule A), the juxtamembrane helix is partially unwound at its N-terminal end and is oriented 45°away from its active conformation, allowing the C-helix to rotate out of its active state. In the active and inactive conformations, juxtamembrane orientation is not influenced by the crystal packing interactions. In view of these structural observations, we probed the potential role of the juxtamembrane region in the enzyme activity.
Juxtamembrane region and the enzyme activity
We cloned, expressed, and purified the wild-type and L526A mutant forms of Axl intracellular domain (residues 473-894) with co-expression of YopH phosphatase to eliminate in situ phosphorylation. Nevertheless, both the proteins were partially phosphorylated, the wild-type Axl more so than the L526A mutant. The time course of the autophosphorylation of both proteins was followed using mass spectrometry. The unphosphorylated wild-type protein was significantly diminished in the first 5 min of the experiment and completely depleted in an hour, whereas the unphosphorylated mutant protein persisted past the 1st h of the experiment (supplemental Fig. S3 ).
Next we biochemically characterized preactivated (by autophosphorylation) wild-type and L526A Axl. L526A Axl was ϳ2-fold less active than wild-type enzyme by apparent k cat with 5FAM-Lys-Lys-Lys-Lys-Glu-Glu-Ile-Tyr-Phe-Phe-Phe-NH 2 (5FAM-FL-Peptide30) substrate by a mobility shift assay without significantly affecting ATP K m (supplemental Fig. S4 ) but The structure on the left with orange backbone is the inactive state, whereas the structure on the right with the blue backbone is an active conformation. Functionally important structural elements are highlighted in color: C-helix in cyan, activation loop in green, and juxtamembrane region in magenta. Chain breaks are shown using black lines. Some of the catalytically important residues, Asp 690 (from the DFG motif), Lys 567 , and Glu 585 , are highlighted. Asp 690 orientation shows DFG-in conformation. Lys 567 and Glu 585 form an ion-pair interaction as in the active state (right) but not in the inactive state (left). b, different orientations of the juxtamembrane regions in the inactive (left) and active (right) conformations of the Axl kinase. The color code is the same as in a. Leu 526 from the juxtamembrane region packs against Leu 583 and Val 587 of the C-helix in the active state.
exhibited more than 4-fold higher K m for a peptide substrate (Abltide) by a continuous ATP-regenerating assay (supplemental Fig. S5 ) in which ATP consumption in the kinase reaction results in NADH oxidation in the presence of the coupled enzyme system.
Phosphorylation sites
A systematic and exhaustive study of Axl phosphorylation is not available; however, the major autophosphorylation sites of Mer have been identified (33) . If the findings from the Mer phosphorylation study can be extrapolated to Axl, the corresponding autophosphorylation sites in Axl would be Tyr 698 , Tyr 702 , and Tyr 703 in the activation loop ( Fig. 4 ). Tyrosine residues at positions 702 and 703 have been shown to be phosphorylated upon GAS6 binding and the consequent activation of the enzyme (34) . In our experimental electron density maps, all three Tyr residues are unequivocally unphosphorylated in the active conformation (molecule B). Tyr 702 is the structural equivalent of phosphorylated Tyr 1235 of active c-MET (31) and occupies a similar electropositive environment, so it is conceivable that the phosphorylation of Tyr 702 would stabilize the extended conformation of the activation loop through electrostatic interactions with Arg 671 (from the highly conserved catalytically important HRD motif), Lys 695 , and Arg 704 (Fig. 4b ). Phosphorylated Tyr 698 may play a similar role via its interactions with Lys 666 , Arg 667 , and Lys 696 (Fig. 4b ). Tyr 703 is largely solvent-exposed, and it is unclear what role its phosphorylation would play in activation. It is plausible that it destabilizes the inactive conformation of the enzyme. It may also contribute to substrate recognition. Interestingly, mutation of the corre-sponding Tyr 754 to Phe in Mer abolishes the enzyme activity (33) .
There are three additional phosphorylation sites reported for the intracellular portion of Axl RTK: Tyr 779 , Tyr 821 , and Tyr 866 (35) . Of these, Tyr 779 is present in the protein construct used for structural studies (Fig. 4a ). Although close to the surface, it is largely solvent-inaccessible. However, probing the Axl structure using HDX-MS (see below) suggests that this region of protein is amenable to deuterium exchange and hence may be dynamic. Tyr 779 phosphorylation reportedly contributes to PI3K recognition by Axl (35) .
We also crystallized Mer kinase domain spanning residues 571-864 in complex with compound 1 ( Table 1 and supplemental Fig. S1 ). The Mer co-crystal structure has a single molecule per asymmetric unit. The overall structure resembles the inactive conformation of the Axl kinase domain described above with an r.m.s.d. of 0.8 Å. This is also the conformation observed previously in the Tyro3 kinase domain structure (25) . Molecule A (inactive) of Axl superimposes onto Tyro3 with an r.m.s.d. of 0.9 Å.
Ligand recognition
Despite significant conformational differences in the N-lobes of the active and inactive states of Axl, the shape of the ATP-binding site is more or less invariant. As a result, the mode of ligand binding is essentially identical, not only between the two conformational states of Axl ( Fig. 5 ) but also between the Axl and Mer kinase domains (supplemental Fig. S1 ). Key specific interactions are provided by the backbone peptides from the hinge region of the protein: Pro 621 , Phe 622 , and Met 623 . 
Axl structure
Additionally, Asp 627 serves as an acceptor in its hydrogen bonding interaction with the hydroxyl from the ligand and the backbone peptide donor to the oxygen of the ligand (Fig. 5 ). The catalytically important Lys 567 and Asp 690 of the DFG motif show some differences in the two states. However, they do not contribute to any specific protein-ligand interactions.
Compound 1 is similar to the ALK inhibitor lorlatinib, which is currently under clinical investigation as a targeted therapy for ALK-driven lung cancer patients. Likewise, the ALK-lorlatinib complex closely resembles the active Axl-compound 1 complex reported here (supplemental Fig. S6 ). Lorlatinib is a potent inhibitor of ALK with a cell IC 50 of 1.3 nM (36). However, the L1198F mutation renders ALK resistant to lorlatinib-mediated inhibition. Replacement of Leu with a bulkier residue, Phe, at the hinge location of the kinase domain results in steric clash with the nitrile group of the inhibitor, resulting in loss of potency (37) . Similarly, both Axl and Mer have Phe at the equivalent hinge location (622 and 673, respectively), explaining the selectivity of lorlatinib for ALK over Axl and Mer. To further test this hypothesis, we expressed and purified F622L Axl and measured lorlatinib binding to the wild-type and F622L Axl using isothermal titration calorimetry. Consistent with the model, F622L Axl recognizes lorlatinib with over 45-fold stronger binding affinity than the wild-type Axl (Fig. 6 ).
HDX-MS
The inability to crystallize apo-Axl along with its lower thermal stability indicated a more structurally dynamic Axl protein.
We conducted HDX-MS analysis to profile structural dynamics. To identify regions of Axl flexibility and probe the associated differences between Axl and Mer dynamics, we applied a short-duration (10-s) deuterium incubation profile ( Fig. 7 and supplemental Fig. S7 ). A few regions, including the activation loop (residues 690 -712), within Axl generated high deuterium uptake in excess of 60%. Most notably, the Axl N terminus up to C-helix (residue 575) indicated highly flexible portions with extensive deuterium uptake (60 to Ͼ90%) by these peptides. These data are consistent with the N-lobe and the activation loop taking on different orientations in the two conformational states of Axl observed in the crystal structure.
A comparative HDX examination of the corresponding Mer profile highlighted some of the differences between the two. It should be noted that 69% sequence identity between Axl and Mer kinase domains prevented direct HDX comparisons of equivalent peptides. Regardless, a noteworthy difference in Axl and Mer HDX profiles is evident in the N-lobe where uptake differences were Ͻ50% for a number of peptides. Specifically, Met 602 -Lys 607 from two and Val 616 -Lys 619 from three Mer peptides show lower deuterium incorporation than the equivalent region in Axl (Met 551 -Asn 556 and Val 564 -Lys 567 ). These regions form the core of the N-lobe ␤-sheet that contains the catalytically important lysine. Given that the N-lobe structures of the kinases are very similar, increases in deuterium exchange at 10 s reflect the greater dynamic nature of this region in Axl relative to Mer. Subsequent HDX-MS experiments on both proteins in the presence of compound 1 clearly show that ligand binding resulted in substantial suppression of deuterium uptake especially in the parts of their N-lobes that are proximal to the ligand-binding sites (Fig. 7b ).
Discussion
Structures of TAM RTKs in inactive states closely resemble one another, which is not surprising given that they are closely related to each other. They also bear a distant homology to the macrophage-stimulating receptor RON and hepatocyte growth factor receptor (c-MET) kinases (38) In a number of RTK families, the juxtamembrane region plays an important role in either negative regulation of the kinase activity (as in Eph, PDGF receptor, and muscle-specific kinase (MUSK)) (41) or activation by facilitating dimerization as is the case in EGFR (42, 43) . To our knowledge, no role in the enzyme activity has been ascribed to the juxtamembrane region of the TAM RTKs. The Axl structure presented here provides the first clue of such a role; hence, we pursued it by biochemically characterizing the intracellular domain (residues 473-894) of wild-type and L526A Axl. The mutation L526A in the juxtamembrane region was designed to impair the interaction between the juxtamembrane region and the C-helix of the protein ( Fig. 3b ) and probe its impact on the enzyme activity. The autophosphorylation of the mutant enzyme was significantly slower than that of the wild type, which supported the notion that the juxtamembrane region has a role in activation. Once Axl structure activated, the mutant enzyme showed a 4-fold increased K m value for the substrate peptide relative to the wild-type Axl. Both of these observations are consistent with the possibility that the substrate recognition may be impaired by the L526A mutation. It is not obvious how the juxtamembrane region plays a role in substrate recognition. It is plausible that through its interaction with the C-helix in the active state the juxtamembrane region stabilizes the extended conformation of the activation loop that serves as the substrate recognition site.
Although Mer and Tyro3 kinase domains have been structurally characterized before, previous structures show the inactive conformation of the TAM family kinases. Molecules B and D of the Axl structure reported here provide a model for an active TAM kinase domain. This is the first visualization of the active state of a member of the TAM RTK family, and it provides a model to help design type I kinase inhibitors of TAM family members. Stability and HDX results also suggest that protein dynamics may play an important role in designing selective inhibitors of Axl.
Lower thermal stability of the Axl kinase implicitly suggests that it may be especially dynamic, sampling multiple conformational states. Corresponding HDX data revealed regions of enhanced Axl deuterium exchange reflective of the extended dynamics of the N-lobe of Axl relative to that of Mer. The magnitude of deuterium differentiation of highly dynamic regions is typically most evident at short exchange times. Deuterium exchange profiling of Axl dynamics may be more measurably differentiated at even shorter exchange times than we could achieve (Ͻ10 s). Extended Axl dynamics provide the opportunity for a broader spectrum of conformational variability, which is reflected in the two distinct conformations of the kinase present in the asymmetric unit of Axl. Given that these differences in the dynamics are observed around the ATP/inhibitor-binding pocket, it could potentially provide an opportunity to design a specific inhibitor of Axl activity that is selective over Mer.
Axl overexpression and activation are implicated in a variety of human cancers (44) . Axl up-regulation confers resistance to targeted therapies in multiple cancers (19, (45) (46) (47) (48) and is also implicated in cell motility and invasion (49) . Hence, Axl kinase activity remains a target to develop cancer therapeutics (50 -53) . Given the dynamic nature of the Axl kinase domain, it is conceivable that it samples numerous conformations in the solution state, some of which may either be inaccessible to other TAM members or be higher energy conformers of Mer and Tyro3. Although it is unclear what such a conformation may look like, we speculate that a ligand against such a unique conformation of Axl could display the desired specificity for Axl inhibition and selectivity over Mer and Tyro3. However, challenges are significant in experimentally characterizing transiently populated conformational states by current methods, and this characterization is a necessary prerequisite for struc- 
Experimental procedures

Axl and Mer kinase domain expression and purification
The cDNAs encoding the various constructs of Axl (intracellular domain residues 473-894, wild-type and F622L kinase domain residues 514 -818, and kinase domain residues 505-811 used for the compound 1 K i determination) and Mer (residues 571-864, I650M) were synthesized and cloned into pKRIC-N5 and pRSFDuet1, respectively. pKRIC-N5 is a modified version of insect cell expression cloning vector pFastbac 1, and pRSFDuet1 was purchased from Novagen. Both constructs contain an N-terminal His tag followed by the tobacco etch virus (TEV) protease cleavage site.
Expression of Axl was done in Sf21 cells with co-expression of YopH to eliminate the in situ phosphorylation of Axl during expression. Cells were harvested 72 h after infection, and the pellet was stored at Ϫ80°C. Expression of Mer was carried out in Escherichia coli BL21(DE3), also expressing PTPN1, in terrific broth medium and induced by isopropyl 1-thio-␤-D-galactopyranoside overnight at 15°C.
To purify Axl, the cell pellet was resuspended in a lysis buffer containing 50 mM Tris-Cl, pH 7.4, 300 mM NaCl, 10% glycerol, 1 mM TCEP, and protease inhibitor tablets (Roche Applied Science). Cells were lysed by stirring the suspension at 4°C for 45 min, and the clear lysate was obtained by centrifugation. Histagged protein was purified by batch binding with Invitrogen ProBond resin for 2 h at 4°C with slow rotation using a Roto-Shaker Genie. His-tagged protein was treated with TEV protease overnight at 4°C, and the untagged protein was purified by reverse nickel affinity chromatography followed by size exclusion Superdex 75 and anion exchange chromatographies. Pure protein was concentrated to 9.5 mg/ml and stored in small aliquots at Ϫ80°C in the storage buffer (20 mM Hepes, pH 7.5, 50 mM NaCl, 10% glycerol, and 1 mM TCEP).
To purify Mer, the cell pellet was resuspended in a lysis buffer containing 50 mM Tris, pH 8.0, 500 mM NaCl, 5% glycerol, 2 mM TCEP, and protease inhibitor tablets (Roche Applied Science). Cells were lysed by a microfluidizer, and the clear lysate was obtained by centrifugation. His-tagged protein was purified by batch binding with Invitrogen ProBond resin. The protein was then treated with TEV protease and -phosphatase overnight at 4°C, and the untagged protein was purified by reverse nickel affinity chromatography followed by size exclusion Superdex 75 chromatography in a buffer containing 20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 5% glycerol, and 2 mM TCEP. Peak fractions were pooled and concentrated to 28 mg/ml. The protein was stored in small aliquots at Ϫ80°C.
Protein purity was assessed by SDS-PAGE and intact mass spectroscopy. Protein identity and post-translational modifications were confirmed by intact mass spectroscopy.
Biochemical characterization
Time dependence of enzyme autophosphorylation was studied using mass spectrometry as described previously (54) at room temperature in the presence of 2 mM ATP. Enzyme kinetics of wild-type and L526A Axl (residues 473-894), preactivated by autophosphorylation with MgATP, were measured using an ATP-regenerating coupled spectrophotometric enzyme assay with kinase-catalyzed production of ADP from ATP that accompanies phosphoryl transfer to the Abltide peptide substrate (Glu-Ala-Ile-Tyr-Ala-Ala-Pro-Phe-Ala-Lys-Lys-Lys) derived from the C terminus of Abl kinase. Initial reaction velocities of kinase reactions were determined by following the decrease in absorbance at 340 nm (⑀ ϭ 6.22 cm Ϫ1 mM Ϫ1 ) coupled with phosphorylation of Abltide peptide substrate using a Molecular Devices (Sunnyvale, CA) Spectromax Plus plate reader. Reactions contained 26 nM wild-type Axl (adjusted for active site content of 26% as determined by titration with potent inhibitors) or 21 nM L526A variant (active site content, 10%), 0.0625-8 mM Abltide, 1 mM ATP, 20 mM MgCl 2 , 0.33 mM NADH, 1 mM phosphoenolpyruvate, 20 units/ml pyruvate kinase, 30 units/ml lactate dehydrogenase, 1 mM sodium orthovanadate, and 1 mM DTT and were conducted at 37°C. These Axl constructs were also characterized kinetically by the mobility shift assay as described below using 1.3 nM wild type and 2.6 nM L526A variant (k cat ϭ 0.63 and 0.27 s Ϫ1 , respectively, using 3 M 5FAM-FL-Peptide30). Enzymes were first optimally preactivated by incubating 5 M Axl, 2 mM ATP, 20 mM MgCl 2 , Phosphatase Inhibitor Mixture Set II from EMD Millipore (1:100), and 1 mM DTT in 100 mM Hepes buffer, pH 7.3, for 5 min (wild type) or 2 h (L526A mutant) at room temperature. Similar phosphorylation levels of both protein constructs were verified by intact protein mass quadrupole TOF mass spectrometry. All enzyme reactions were conducted in duplicate. Initial reaction velocities were fit to a Michaelis-Menten equation with GraphPad Prism (GraphPad Software, San Diego, CA) to derive k cat and K m values.
K i determination
Compound 1-mediated inhibition of Axl activity was tested with the Caliper LabChip EZ Reader II assay (Caliper Life Science, Hopkinton, MA), a mobility shift assay that combines the basic principles of capillary electrophoresis in a microfluidic environment. Activated Axl was found to be 100% catalytically competent by active-site titration using a tight-binding inhibitor. The protein was highly active (k cat ϭ 1.17 Ϯ 0.01 s Ϫ1 and K m,ATP ϭ 70.4 Ϯ 1.8 M using 3 M 5FAM-FL-Peptide30). The kinase-catalyzed production of ADP from ATP that accompanies phosphoryl transfer to 5FAM-FL-Peptide30 was monitored.
Axl reaction solutions (50 l) contained 0.5 nM Axl kinase domain, 2% DMSO (Ϯinhibitor), 10 mM MgCl 2 , 0.01% Tween 20, 1 mM DTT, 3 M 5FAM-FL-Peptide30, and 120 M ATP in 100 mM HEPES buffer at pH 7.3. The reactions were initiated with 120 M ATP after 15-min preincubation of Axl with the inhibitor at 25°C. The reactions were stopped after 30 min at 25°C by the addition of 50 l of 200 mM EDTA.
Unactivated Mer (residues 571-864) was found to be 56% catalytically competent by active-site titration using a tight-Axl structure binding inhibitor. It was catalytically active (k cat ϭ 0.014 Ϯ 0.000 s Ϫ1 and K m,ATP ϭ 32.9 Ϯ 2.5 M using 3 M 5FAM-FL-Peptide30). Mer reaction solutions (50 l) contained 30 nM Mer, 2% DMSO (Ϯinhibitor), 10 mM MgCl 2 , 0.01% Tween 20, 1 mM DTT, 3 M 5FAM-FL-Peptide30, and 2000 M ATP in 100 mM HEPES buffer at pH 7.3. The reactions were initiated with 3 M 5FAM-FL-Peptide30 after 35-min preincubation of inhibitor, Mer, and ATP at room temperature. The reactions were stopped after 60 min at 25°C by the addition of 50 l of 80 mM EDTA.
The reaction mixture was applied to a Caliper LabChip EZ Reader II instrument, and the product/substrate peptide peaks were separated. The kinase reaction was quantitated by the product ratio calculated from peak heights of product (P) and substrate (S) peptides (P/(P ϩ S)). Fractional velocity data were fit to the equation for tight-binding competitive inhibition (Morrison equation) to determine K i values (55, 56) . The R 2 values of the fit were greater than 0.99. Two independent experiments were performed for each K i determination.
Protein thermal stability measurements
Unphosphorylated protein (1 mg/ml) was incubated with compound 1 at a 1:3 molar ratio on ice for 60 min. For apoprotein, DMSO vehicle was used. After incubation, protein was diluted to 0.2 mg/ml in the storage buffer containing 20 mM Hepes, pH 7.5, 50 mM NaCl, 10% glycerol, and 1 mM TCEP. 20 l of protein and 1 l of 200ϫ SYPRO Orange were added to a 384-well measuring plate and overlaid with mineral oil. Fluorescence measurements were done using FluoDia T70.
Isothermal titration calorimetry (ITC)
The experiments were performed using a MicroCal PEAQ-ITC automated system (Malvern Instruments) at 25°C in 20 mM Hepes, pH 7.5, 50 mM NaCl, 10% glycerol, 1 mM TCEP, and 1% DMSO (ITC buffer). A 10 M concentration of either Axl or F622L Axl kinase domains (residues 514 -818) in the sample cell was titrated with 200 M lorlatinib from the injection syringe. Lorlatinib was added in 12 stepwise injections of 3 l with 150-s interval between injections. A reference power of 5 cal/s was used. In control experiments, the ITC buffer was titrated with 200 M lorlatinib from the injection syringe as described above. Data were analyzed by a one set of sites binding model to obtain binding affinity (K d ), stoichiometry (n), and binding enthalpy (⌬H) using MicroCal PEAQ-ITC Analysis Software (Malvern Instruments). The analysis software also calculated Gibbs free energy (⌬G) and binding entropy (ϪT⌬S).
Co-crystallization and structure determination
Axl (residues 514 -818) was concentrated to 9 mg/ml for crystallization. Diffraction quality crystals were obtained at 21°C in 5-7 days from hanging drops containing 1.2 l of the protein-ligand complex (1:3 ratio of protein:ligand) and 1.2 l of the reservoir solution (0.1 M Tris, pH 8.5, 0.2 M MgCl 2 , 30% (w/v) PEG-4000, and 1-2% (v/v) 1-butanol). Crystals belong to the space group P2 1 with cell dimensions a ϭ 81.9 Å, b ϭ 101.1 Å, c ϭ 82.2 Å, ␤ ϭ 93.9°. Crystals were mounted into Hampton loops and frozen via stream freezing in the mother liquor with 15% glycerol. These crystals diffracted to 2.8 Å at the Advanced Photon Source (Industrial Macromolecular Crystallography Association beamline 17-ID). The Axl complex structure was determined by molecular replacement in Phaser (57) using the inhibitor-bound Mer structure as the starting model. The structure was iteratively refined using CNX and Coot (58) . The final round of refinement was carried out using BUSTER (59) .
Mer (residues 571-864, I650M) protein at a concentration of 25-30 mg/ml was introduced to 1 mM (final concentration) compound 1 and incubated at 4°C for a minimum of 4 h. The complex was then filtered with a low-protein-binding 0.45-m membrane to remove particulates and set up for crystallization using a Phoenix (Art Robbins) robot. Sitting drops at a 1:1 ratio (protein:well solution) with well solution containing 0.2 M magnesium chloride, 28 -35% PEG-600, and 0.1 M Tris, pH 8.7-9.0, were incubated at 13°C for ϳ5-7 days before crystals resembling large, rectangular blocks grew. Mer crystallized in space group P2 1 with cell dimensions a ϭ 51.7 Å, b ϭ 92.3 Å, c ϭ 69.3 Å, ␤ ϭ 100.8°. The well solution acted as a cryoprotectant so crystals were removed directly from drops and quickly dipped into liquid nitrogen. The structure was determined using the phosphoaminophosphonic acid-adenylate ester (ANP)-bound structure of Mer (Protein Data Bank code 2P0C) as the starting model. Rigid body refinement followed by iterative refinement cycles in CNX and Coot (58) provided the final model.
HDX-MS
Kinase domain constructs of both Axl (residues 514 -818) and Mer (residues 571-864, I650M) were diluted to a working concentration of 0.5 mg/ml (ϳ15 M) with dilution buffer (20 mM Tris, 50 mM NaCl, and 2 mM TCEP, pH 7.2). HDX exchange was performed on a Fusion Lumos Orbitrap (Thermo Fisher Scientific) equipped with a Pal HDX3 autosampler (Leap Technologies) and a combination of Vanquish capillary pumps (Dionex). The autosampler sample plate was held at 4°C where exchange was initiated upon addition of 20 l of D 2 O solution (20 mM Tris and 50 mM NaCl) to 4 l of protein sample. Deuterium exchange was performed for 10 s, and then 20 l of sample was transferred to the chilled quench plate with a prechilled syringe and added to 20 l of 4°C cold quench buffer (3.2 M guanidine hydrochloride and 0.8% formic acid) to a final pH 2.5. Samples were then injected into a chilled box (1°C) that housed the sample loop, protease column, and trap/analytical columns. Samples were first run across a 2.1 ϫ 30-mm immobilized protease type XIII/pepsin column (w/w, 1:1; NovaBio-Assay) at 200 l/min using a 0.1% formic acid mobile phase. The digested protein was subsequently trapped and desalted for 2 min on an Acquity UPLC BEH 300 C 18 (2.1 ϫ 5-mm) trap column (Waters). Peptides were eluted from the trap to a Kinetex 1.3-m C 18 (2.1 ϫ 30 mm; Phenomenex) analytical column using a 5.5-min gradient of organic solvent (8 -37% acetonitrile and 0.1% formic acid) running at 150 l/min. When initially collecting non-deuterated MS2 spectra for identifying peptides, the electrospray source was set at 300°C, and MS2 was collected by both high-energy collision dissociation and electrontransfer/high-energy collision dissociation. All samples were collected in triplicate with blanks between each sample to minimize potential sample carryover. Peptide lists were generated using Proteome Discoverer (version 2.1, Thermo Fisher Scien-Axl structure tific). Low-confidence peptides were removed from the peptide list (mass tolerance Ͻ5 ppm), and peptide pools were constructed for subsequent deuterium analysis. During collection of deuterium exchange, the electrospray source was lowered to 200°C and transfer rf was set at 30 V to minimize potential deuterium back-exchange. For deuterium incorporation analysis, MS spectra only were acquired, and samples were processed in HD Examiner 2.0 (Sierra Analytics) for deuterium incorporation. Low-confidence peptides and peptides less than six residues in length were removed. Final peptide pools for Axl comprised 275 peptides (93.5% sequence coverage), and Mer provided 326 peptides (98.3% sequence coverage). Results were from an average of triplicate runs and are presented as heat maps generated in HD Examiner.
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